Abstract. The high-affinity (Km = 3 X 10-1 M) transport system for histidine in Salmonella typhimurium has been resolved into three components: J, K, and P. J, which is a histidine-binding protein released by osmotic shock, is specified by the hisJ gene: hisJ mutants lack the binding protein and are defective in histidine transport. Another class of mutants-dhuA, which is closely linked to hisJ-has five times the normal level of binding protein and has an increased rate of histidine transport. P, which is a protein specified by the hisP gene, is required for the J binding protein to be operative in transport. hisP mutants, though defective in transport, have normal levels of J binding protein. K, a third transport component, works in parallel to J, and also requires the P protein in order to be operative in transport. A second histidine-binding protein has been found but its relation to K is unclear. hisJ, dhuA, and hisP have been mapped and are in a cluster (near purF) on the S. typhimurium chromosome.
Introduction. Previous work from this laboratory" 2 on histidine transport in Salmonella typhimurium had demonstrated the presence of two systems involved in histidine uptake: the histidine specific permease (Km _ 10-8 M, involving the hisP gene) and the general aromatic permease (Km , 10-4 M; aroP gene).
Mutants defective in each of these systems were described. Here we show that uptake through the histidine-specific permease occurs (as shown in through at least two components, J and K, functioning in parallel, and that transport through either of these components is dependent upon the presence of a protein specified by the hisP gene. Transport through the J component requires an intact hisJ gene, which codes for a histidine-binding protein.
A class of proteins located on the surface of gram-negative bacteria and easily released by mild osmotic shock' binds a variety of small molecules. After the 1096 pioneering work from the laboratories of Pardee, Heppel, and Oxender,4 these "binding proteins" have been implicated in the active transport of those small molecules (recently reviewed'). Among these, the amino acid-binding proteins have been indirectly linked to amino acid transport. This paper demonstrates that one of these proteins which binds histidine is an indispensable part of a histidine transport system, thus confirming the relationship between transport and binding proteins, at least as far as histidine is concerned.
Materials and Methods. Strains and genetic tests: All strains used were derived from S. typhimurium strain LT-2 and are described in Table 1 . All strains, except TA831 and TA271, obtained from P. E. Hartman and T. Klopotowski respectively, were constructed in this laboratory, grown, and analyzed genetically by transduction with phage P22-L4 as described earlier. 2 The selection and test for hisP mutations has been described previously.2 Strains carrying hisJ mutations were isolated from TA271 (hisF645 dhuAl, a strain capable of utilizing D-histidine as the source of ihistidine) as D-histidine nonutilizers which were still sensitive to 2-hydrazino-3-(4-imidazolyl) propionic acid (HIPA)6 7 (Table 1) , as a consequence of the increased transport of this inhibitor. (3) hisJ. These mutants have been selected (as described in Materials and Methods) in dhuAl hisF645 for the loss of the ability to grow on D-histidine, while still retaining HIPA sensitivity (Table 1) .
(4) dhuA hisP. The hisP mutation has been introduced also in the dhuA mutant strain by selecting for resistance to HIPA. The resulting double mutants have lost the capacity to grow on D-histidine simultaneously to the loss of sensitivity to HIPA (Table 1) . 12 In agreement with the properties of these double mutants, 30 hisP mutants (containing a histidine operon deletion) were tested and found to be unable to mutate to D-histidine utilization. Thus the hisP gene is required for transport of both D-and L-histidine and the analogue HIPA.
Genetic mapping: Both dhuA'2 and hisP2 mutations were confirmed to be about 40% cotransducible with the purF locus, by transducing on L-histidine medium the recipient TA1613 (purr145 hisHB22), with phage prepared either on TA271 (hisF645 dhuAl) or on 30 independently isolated hisP-carrying strains.
The Pur+ His-recombinants were tested for D-histidine growth and HIPAresistance respectively. 1Ioreover, the dhuA and hisP loci can be shown to be very close together by exposing TA1613 (on L-histidine medium) to phage grown on TA1008 (hisF645 dhuAlhisP5503). Only 2% of the Pur+ His-recombinants inherit dhuAl alone from the donor: this rare type requires a recombinational event betweendh/uA and hisP because the hisP mutation eliminates D-histidine growth. 
BIOCHEMISTRY: AMES AND LEVER
In a similar cross the dhuA and hisJ mutations can be shown to be closely linked. Strain TA1613 was exposed (on L-histidine medium) to phage grown on dhuA hisJ double mutants TA1646, TA1647, TA1648, and TA1649. Only 2% of the Pur+ His-recombinants inherit the dhuA mutation without hisJ, i.e., are D-histidine growers. The hisP, hisJ, and dhuA sites are therefore very closely linked to each other.
Histidizeobinding proteins in the wild type and in mutant strains: By giving bacterial cells a mild osmotic shock treatment,3 histidine-binding activity was liberated in the shock fluid. Fractionation of the wild type shock fluid on DEAE-Sephadex revealed that 95% of the binding activity (at 10-8 M Lhistidine) was eluted as a peak (J protein) at 0.04 M NaCl. A second peak (tentatively designated as K protein), representing about 5% of the activity, was eluted at 0.15 AM NaCl.
The histidine-binding activity in the shock fluid of the various mutants is shown in Table 2 . It is clear that the level of J binding protein is increased in strains containing a dhuA mutation, and absent in strains containing a hisJ mutation. The binding protein from dhuAl has the same chromatographic properties and binding affinity (KD -2 X 10-7 M1 at 40C) for histidine as the protein from the wild type. We exclude the possibility that the hisJ and dhuA mutations have caused a change in the total amount of protein released by shocking because all the strains assayed release about the same amount of either total protein or acid phosphatase per gram dry weight. Introduction of a hisP mutation in either the wild type or in a dhuA-containing strain (see hisP1661 and TAl1195 in Table 2 ), does not affect the level of J binding protein. The level of the K binding protein appears to be unchanged in the strains assayed in Table 2, but these experiments will be performed on a larger scale for accurate quantifica- mutant strains are defective in uptake although to a different extent. The affinities of these residual transport activities for i-histidine are 2 X 10-i\l and 10-6 1\I respectively. It is clear that these differences in residual rates and affinities are significant and characteristic of completely defective mutants in hisJ or hisP, as the same results were obtained upon analysis of three hisJ frameshift mutants and two hisP mutants, one of which is an amber mutant. We conclude that the loss of the J binding protein in hisJ mutants results in the loss of a transport component, J, with a very high affinity (Km --10-8 M, as assayed in either the wild type or in the dhuA mutant).
Despite the loss of this component, hisJ mutants can still transport histidine very efficiently (Km = 2 X 10-v M, Fig. 2 ), presumably through additional transport components. Thus, the Km of 2 X 10-' M in hisJ mutants is ascribed to a component tentatively designated K. Mutations eliminating transport through K only have not yet been obtained. Mutations in hisP have apparently eliminated transport through both the J and the K components: this is indicated by the finding that the sum of the residual rates in hisJ and hisP mutants is less than the wild type rate (Fig. 2A) . Therefore, J and K are acting in parallel, and apparently both require the hisP product in order to transport histidine.
The dhuAl mutant, which increased binding protein fivefold, shows a marked increase in transport ( Fig. 2A) , and has a higher affinity (Km = 6.6 X 10-9 M) than the wild type (Km = 2.6 X 10-8 M). If the wild type rate is truly the sum of the K and J activities, the preponderance of the J in the dhuA mutant could be responsible for this shift in the apparent affinity.
A double mutant, dhuAl hisP550, has the same rate of transport and poor affinity for histidine uptake as hisP mutant alone.
Additional transport systems of low affinity: As shown in Figures 2A and 2B , hisP mutants have a greatly decreased rate of L-histidine uptake. The remaining activity still gives 1\lichaelis-Menten kinetics with a Km of about 10-6 M. This has been shown by kinetic and genetic analysis to be caused by at least three more transport systems of low affinity, one of which is the general aromatic permease. 1 A complete study of these systems will be reported at a later date.
Discussion. It has been demonstrated previously that mutants in the hisP gene are lacking the high-affinity (Km = 10-8 M) transport system for L-histidine in S. typhimurium.2'7 In this paper we show: (a) that this is a complex transport system made up of three components distinguishable kinetically and genetically; (b) that a histidine-binding protein, J (coded for by the hisJ gene), is one of the components of this system; (c) a number of aspects of D-and L-histidine transport through these components. These observations led us to propose the scheme of Figure 1 .
J binding protein is involved in transport: Osmotic shock of the bacteria releases from the cell surface two proteins that bind L-histidine: J (about 95% of total) and K (about 5% of total). Mutants (dhuA), selected for increased utilization of D-histidine, have a fivefold increase in the J binding protein, thereby causing an increased transport for both D-and L-histidine, and an increased sensitivity to the histidine analogue HIPA. The dhuA mutation, which maps adjacent to the hisJ gene, increases the level of the J protein, possibly by affecting VOL. 66, 1970 1101 the regulation of its synthesis. In agreement with this, the J protein appears to be the same in dhuAl and in the wild type on the basis of affinity for histidine and chromatographic properties.
The hisJ mutants, which were selected from strains carrying a dhuA mutation, have lost the ability to utilize D-histidine and completely lack the J binding protein. As a consequence they have a decreased transport for L-histidine and have lost the extra sensitivity to HIPA. Further evidence that the hisJ gene is the structural gene for the J binding protein, rather than a regulatory gene, is that a D-histidine-utilizing revertant of a hisJ mutant appears to have an altered J binding protein.
The large difference in affinity for L-histidine between the transport in vivo (Km = 6.6 X 10-9 M in dhuAl) and the J binding protein (KD = 2 X 10-7M)can be rationalized as caused by the conditions of the binding assay. This is done at 4VC on a protein removed from its in vivo environment and under arbitrary salt and pH conditions. hisP protein is necessary for the J binding protein to function in transport:
hisP mutants selected by HIPA resistance (presumably unable to transport HIPA) completely lack high-affinity transport for L-histidine. These mutants have normal levels of histidine-binding proteins that, because of the defect in the hisP protein, are not functional in the in vivo transport. That the hisP gene codes for a protein has been deduced by the finding of hisP amber mutants.2 A functional hisP protein is also necessary for the transport mediated through the increased level of the J binding protein in dhuA strains. Thus, a dhuA hisP double mutant still has the expected fivefold-increased level of binding protein associated with the dhuA mutation, yet it lacks the high-affinity transport of Lhistidine. This double mutant no longer utilizes D-histidine, nor is it HIPA sensitive, which gives additional evidence that the J binding protein is nonfunctional in transport in the absence of the hisP protein. In accordance with our interpretation of the nature of this double mutant, it has been found that hisP mutants will not mutate to D-histidine utilization.
hisP protein is necessary for the function of another transport component, K:
All hisJ mutants have residual high-affinity L-histidine transport (Km = 2 X 10-l M), unlike the hisP mutants which have no high-affinity L-histidine transport. We define the residual activity in hisJ mutants as the K component of transport, which we deduce also to be dependent on a functional hisP protein, because hisP mutations eliminate this activity. 
